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Electrochemical impedance spectroscopy (EIS) has been used to predict the life of organic coatings used for corrosion protection (1) . EIS has proven to be a powerful tool to obtain system specific parameters of coatings, especially for evaluating the early deviation of organic coatings from their initial capacitive behavior (1) (2) (3) (4) . An excellent paper by Kendig and Scully on this subject exists (5) . It has been found that changes in the capacitance of the coating relate to the uptake of water (6, 7), while changes in * Electrochemical Society Active Member. 1 PPG trademark.
resistance have been analyzed in terms of the penetration by ionic species from the environment (8) (9) (10) (11) (12) . According to Mansfeld et al. (13) various parameters obtained from impedance data, such as the break point frequencyfb, can be used to estimate the degree of delamination of organic coatings and the extent of corrosion of the metals under these coatings. More recently, Hack and Scully (14) have demonstrated that the break point frequency can be used to determine the electrochemically active area of a coated sample, comparing the EIS results with American Society of Testing and Materials (ASTM, Philadelphia, PA) visual methods.
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It is the purpose of this paper to demonstrate the use of EIS to estimate the delaminated area of the epoxy primer Uniprime ED-4 electrocoated on phosphate-treated coldrolled steel using various coating parameters and to compare these areas to the observed corroded area. It is desirable to have an accurate means of estimating the corroded area, especially during the initial stages of corrosion when this area may not be visible. Such a technique would allow the early detection and quantification of corrosion, and Cdl would lead to predictions of the useful life of the coating.
AdIn this work, four parameters which are easily obtainable C~1 through EIS are used to predict the delaminated area at each exposure time, which is compared to a visually determined area. The different prediction methods are then compared to one another in order to choose the best method(s) to predict delaminated area.
Impedance data may be analyzed in two ways. In the graphical technique, coating parameters are determined directly from the impedance plots (Bode and complex plane plots). Alternatively, a model of the system may be fitted to the data to give the various parameters. The equivalent circuit (circuit-analog) model shown in Fig. 1 has been used to describe the ac behavior of polymer-coated electrodes (13) . In the circuit-analog model, the resistances and capacitances are varied until the predicted ac behavior matches the experimental data as closely as possible. These electrical properties are then interpreted as the properties of the system: Cc is the capacitance of the coating, Rpo is the pore resistance of the coating, C~ is the capacitance of the double layer at the metal substrate, Rp is the polarization resistance of the electrode, and Ra is the ohmic resistance of the electrolyte.
The pore resistance of a polymer coating has been related to the delaminated area, Ad, according to the followRp ing (13) (14) (15) Ad --Rp Rpo Rpo-Ad where Rpo =pd [1] According to Haruyama et al. (15) , the specific pore resistance, Rpo, is assumed to be essentially constant during the delamination process, and the pore resistance decreases as the delaminated area increases. This implies that the corrosion process does not significantly change the properties of the overlying coating. The specific coating resistivity, p, represents the resistivity of a completely delaminated coating. This value may be estimated from long-term exposure data. Once it is obtained Eq. [1] above may be used to estimate delaminated area from the pore resistance according to the following pd Ad - [ 
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tance proportional to the area of the substrate exposed to the electrolyte. The area exposed through the pores of the coating is assumed to be negligible compared to the disbonded area. Thus, the double layer capacitance is proportional to Ad. The delaminated area may then be estimated from an experimental value of Cal using the following (13, 15) [3]
The specific double layer capacitance, C~1, is that of the underlying substate. According to Juettner et al. (16) , the experimental value of Ad could be determined from Eq. [3] under the assumption that C~u is constant throughout the exposure time. In the above equation, it is assumed that the delaminated area is equal to the corroding area. This would not be true in the case of cathodic delamination in which the delaminated area may be much larger than the corroded area (17) . In that case, the delaminated cathodic area will have a specific double layer capacitance which is different than the value for the corroding area. In this work, the value of C~1 is approximated by the double layer capacitance measured for an uncoated sample of the substrate. This implies that the environment at the corroding surface is not significantly altered by the presence of the coating. This would be true, for example, in the case where physical defects exist in the coating.
The polarization resistance (also known as the chargetransfer resistance) may also be used to estimate the delaminated area. Assuming once again that Ad is equal to the corroding area, one obtains the following relationship (15) [4]
The specific polarization resistance, Rp, is associated with the charge transfer behavior of the metal substrate, and can be estimated using the linear polarization of an uncoated sample of the substrate. The value of Rp is assumed to be constant, and it is again assumed that the corroding environment of a coated sample is similar to that of an uncoated sample.
A final method of estimating the delaminated area is that of Haruyama et al. (15) . This technique uses the high frequency break point, fb, which is defined as the frequency at which the phase angle equals 45 ~ . According to the theory, the delaminated area may be determined as follows
The constant fib represents the break point frequency for a totally delaminated coating and depends only on coating parameters which are assumed to be constant
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The dielectric constant of the coating relative to that of free space, 9 may be determined from a value of the coating capacitance, Ce, using the following relationship The coating capacitance will change significantly during electrolyte absorption because the dielectric constant of water is approximately twenty times greater than that of a typical coating (ewater = 80, e ~ 4). The length of this period depends on the coating and the electrolyte used. The rate of change of the coating capacitance drops considerably as the electrolyte absorption nears completion.
Experimental An electrochemical cell was designed in order to measure the coating characteristics using the EIS technique.
The area of the working electrode was 78.5 cm ~ so that the capacitance of the coating would be large enough to minimize measurement errors (5). The working electrode was a 4 in. by 12.6 in. panel of phosphate-treated cold-rolled steel with an epoxy primer (Uniprime ED-4) coating obtained by electrodeposition. The two samples had coating thicknesses of 20.3 and 20.8 ~m. These were exposed under freely corroding conditions in 3.5% NaC1 solution open to the air and unstirred. A platinum gauze and a SCE served as the counter and reference electrodes, respectively. EIS data were obtained using a PAR Model 5301 A twophase lock-in amplifier and a PAR Model 273 potentiostat. The data were stored and analyzed using PAR M378 software on an IBM PS/2. The frequency range of 1 mHz to 100 kHz was applied with an ac voltage varying by -+ 10 mV about the open-circuit potential. Experimental values of Ad were determined visually according to ASTM D-610 and a modification of ASTM D-714 (18, 19) .
Results
Figures 2 through 4 show representative samples of the observed behavior of the 20.3 ~m coating over a 69 day exposure to 3.5% NaC1 solution. The data are presented as Bode-magnitude plots (Fig. 2) , Bode-phase plots (Fig. 3) , and complex plane plots (Fig. 4) , and are typical of coated electrode behavior. The data taken on day 2 for the 20.8 ~m sample were fitted to the circuit-analog model shown in Fig. 1 using Macdonald's complex nonlinear least squares algorithm, CNLS (20) . A coating capacitance of Cc = 1.69 x 10 -s F was obtained. Using this value and the coating thickness, the dielectric constant for this coating was calculated using Eq. [7] to be 5.06. This value is not significantly higher than the value expected for a dry coating. The electrolyte is expected to have a dielectric constant of approximately 80, and absorption of a large quantity of electrolyte would increase 9 accordingly. The low measured value of 5.06 indicates a relatively low amount of electrolyte absorption (5-7).
The Bode-phase plots of Fig. 3 show an initial shape with only one broad valley in the high-frequency range. This is indicative of only one distinct R-C circuit, that of the porous coating (Rpo and C~). By the tenth day of exposure in 3.5% NaC1 solution a second peak in the low-frequency range is seen, indicating that RpCdl << RpoCr so that the two time constants of the system are distinct. One can notice a shift of the first valley toward higher frequencies with increasing exposure time.
The time dependence of the complex plane plots is shown in Fig. 4 . Initially, only the shape of one semicircle is seen (part of the data has been truncated in order to magnify the region near the origin). For a fully developed plot, we expect two semicircles because our coated specimen has two capacitances, one of the coating and one of the double layer on the substrate beneath the coating. After 10 days the beginning of the second semicircle is seen. The decrease of Rp may also be recognized by the decrease in the radius of the first (low frequency) semicircle. After 17 days, the second semicircle is almost developed.
Experimental values of Rpo, Rp and Cd~, determined by fitting the data to the equivalent circuit of Fig. 1 , are given in Table I and are shown in Fig. 5 as a function of exposure time. Measured values of fb are also included in Table I . The data fit is not sensitive to the value of Ra since it is negligible compared to Rpo and Rp Also, it is assumed that the majority of electrolyte absorption occurs during the first two days of exposure, so that the value of C~ obtained after two days will be valid for the rest of the exposure period. Therefore, these two parameters, R~ = 20 ~ and C~ = 1.69 x 10 -~ F, were held constant when fitting the data.
As seen in Table I and Fig. 5 , the polarization resistance Rp decreases rapidly at the beginning of exposure but levels off afterward. The coating resistance, Rpo, exhibits a similar behavior. The double-layer capacitance at the metal substrate, Ccu, increases rapidly, but stabilizes after 10 to 15 days. The value of Rpo after 1 h of exposure is greater than 1 • 10 ~ ~.
The delaminated area has been estimated according to Eq. [2] through [5] . In order to do this, a value for the speci- tic resistivity of the coating, p, is required. This value was estimated by using Eq. [2] and data for 75 days of exposure to the electrolyte. The pore resistance, Rpo, was obtained using the circuit-analog method, and Ad was estimated visually. Equation [2] was then used to obtain p = 7.15 x 106 ~2 cm. This value is similar to that given by Mansfeld et al. Values of parameters for the 20.3 p~m sample, obtained by fitting the impedance data (represented in Fig. 2-4) , as a function of time. an uncoated specimen of phosphate-treated cold-rolled steel to 3% NaC1 solution. The uncoated specimen was modeled as a simple Randles circuit (i.e., the circuit in Fig.   1 without the coating elements R,o and Cr The value of C~ = 2.45 • 10 -5 F/cm ~ was obtained. The specific polarization resistance used in Eq. [4] was determined for the same uncoated sample by linear polarization. Its value was found to be R 2 = 5.23 x 10 ~ 12 cm ~. Finally, as mentioned P , above, the dielectrm constant of the coating relative to that of free space was found to be 5.06, using Eq. [7] and a value of Cr obtained after 2 days of exposure of the 20.8 ~m sample. This parameter is necessary in order to use Eq. [5] to estimate the delaminated area. The constant ~ was calculated to be 4.97 x 10 ~ Hz by using the above parameters and Eq. [6] .
Discussion
Values for R~o, Cd], and R~ were obtained by fitting the data represented in Fig. 2 through 4 and values forf~ were obtained by hand from the same data. The delaminated areas determined using the above values with Eq. [2] through [5] , and the values of Aa observed visually, are shown in Table II . Figure 6 shows the ratio of predicted Ad to observed Ad for each method considered. Considering the inaccuracies associated with corrosion measurements, the agreement is good for exposure times greater than 20 days. Each method predicts values of Aa which are higher than the observed values over most of the exposure range. This difference is greatest during the initial exposure period (approximately two weeks). The polarization resistance exhibits the highest initial deviation, and the ratio Ad(Rp)/A,~ (observed) does not approach a constant value.
Its value drops below 1 on the 23rd day of exposure and climbs continuously to a value of 1.6 by day 69. The pore resistance also starts quite high, but Ad(Rpo)/Ad (observed) is almost constant after day 12, dropping slightly near the end of the exposure range. Thus, although its prediction is consistently high, the pore resistance does predict values of Ad which are nearly proportional to the observed corroded area. The double layer capacitance yields much closer values of Ad, but the correlation is not as strong, with Ad(C~)/A,~ (observed) dropping steadily after 40 days of exposure. The best predictions of A~ were obtained using the break point frequency. During the initial exposure period, the predicted delaminated areas are much closer to the observed areas using this method. The value of Ad(f~)/Ad (observed) is closest to unity over most of the exposure range and is more nearly constant than that obtained using the double layer capacitance.
Every technique considered demonstrates strong qualitative agreement between predicted and observed delaminated area. At least some of the error can be attributed to the inaccuracies involved in visually determining the corroded area. In fact, one would expect that the actual delaminated area would be slightly larger than the visibly corroded area, and therefore closer to the predicted areas. It is also possible that some error resulted from holding Cr constant while fitting the data. A more accurate method would be to fit C~ for each exposure time along with the other parameters of the equivalent circuit.
The break-point frequency method, when applicable, offers several advantages over the other methods. First, it is not necessary to fit the entire data set to an equivalent circuit model in order to estimate f~. Second, f~ can be determined from high-frequency data which can be obtained quickly. Therefore, an estimate of delaminated area can be found quite rapidly using f~. On the other hand, this method does not make use of the full set of data. Because of this, it is possible that one of the other methods might be more appropriate in certain cases. Also, the break point frequency method alone does not provide any information beyond an estimate of the delaminated area. In conclusion, EIS provides several methods to estimate the delaminated area of an organic coating on a phosphatetreated steel substrate. Each method considered showed good qualitative agreement with observation over some portion of the exposure range. The break point frequency and the double-layer capacitance provided the estimates of Ad which were closest to the visually determined corroded area, with the best correlation obtained using the break point frequency. These results are in agreement with those found by Hack and Scully (14) .
Texas A&M University assisted in meeting the publication costs of this article. LIST 
